We provide an up-to-date analysis of the parameter space of the minimal supergravity model (mSUGRA). Novel features include the new central value of the top quark mass, an improved calculation of the masses of the supersymmetric particles and the neutral Higgs bosons, constraints from b → sℓ + ℓ − decays, and a careful treatment of the most important experimental and theoretical uncertainties. In addition to the by now traditional plots of the allowed region in the (m 0 , m 1/2 ) plane, we show allowed regions in the planes spanned by pairs of physical sparticle or Higgs boson masses. Moreover, we search for the minimal allowed masses of new particles for various sets of constraints. We find that in many cases the direct experimental limits from collider and Dark Matter searches can be saturated even in this minimal model, and even after including the by now quite restrictive constraint on the Dark Matter relic density.
Introduction
The minimal supergravity model (mSUGRA) [1, 2] remains the most widely studied implementation of the minimal supersymmetric extension of the Standard Model (MSSM). It shares the virtues of a stable gauge hierarchy (for sparticle masses not much above a TeV) [3] , possible Grand Unification of all gauge interactions [4] , and a plausible Dark Matter (DM) candidate [5, 6] with all variants of the MSSM 2 . Moreover, it manages to describe phenomenologically acceptable spectra with only four parameters plus a sign:
Here m 0 is the common soft supersymmetry breaking contribution to the masses of all scalars, m 1/2 the common supersymmetry breaking gaugino mass, and A 0 the common supersymmetry breaking trilinear scalar interaction (with the corresponding Yukawa coupling factored out); these three soft breaking parameters are taken at the scale M X of Grand Unification, which we define as the scale where the properly normalized SU(2) L and U(1) Y gauge couplings meet. Finally, tan β is the ratio of the vacuum expectation values (vev's) of the two Higgs doublets at the weak scale, which we identify with the geometric mean of the soft breaking stop masses, and µ is the supersymmetric higgs(ino) mass parameter.
It should be admitted that the choice of parameters (1) is not particularly natural from a theoretical point of view: why should the scalar masses and trilinear A parameters all be exactly the same exactly at scale M X ? From the perspective of supergravity theory, universality would seem to emerge more naturally at a scale closer to the (reduced) Planck mass, M P ≃ 2.4 · 10 18 GeV, if at all. However, while the possible unification of the gauge interactions makes a strong argument for a "grand desert" between the sparticle mass (or weak) and Grand Unified scales, physics at energy scales above M X remains very speculative.
At least as a first approximation it is therefore not unreasonable to impose our boundary conditions at scale M X . The ansatz (1) also has important virtues, in addition to its simplicity. It allows a quite varied phenomenology without violating any known constraints. In particular, the assumed flavor universality implies that supersymmetric flavor changing neutral current (FCNC) effects occur only radiatively, through renormalization group (RG) evolution. This keeps FCNC manageable, although, as we will see, flavor changing b → sγ and b → sℓ + ℓ − decays do impose important constraints on the parameter space. A very appealing feature of mSUGRA is that it implements radiative breaking of the electroweak gauge symmetry [7] , i.e. the RG evolution naturally drives the squared mass of one of the Higgs fields to negative 2 A good DM candidate only emerges if R−parity is conserved, which we assume throughout.
values, keeping all squared sfermion masses positive. This allows to determine the absolute value of µ as function of the other parameters.
In spite of these successes, in recent years there has been a proliferation of analyses extending mSUGRA. Some of these extensions [8] are based on specific Grand Unified models, and thus have independent motivation from theory. However, in many phenomenological analyses universality between sfermion masses and/or the universality of soft breaking Higgs and sfermion masses is relaxed [9] without specific theoretical motivation 3 . Indeed, there seems to be a perception that the parameter space of the model is getting "squeezed" by ever tightening constraints.
Much of this perception probably comes from the by now quite accurate determination of the relic density of Dark Matter (DM) particles. At least in the framework of standard cosmology with a more or less scale invariant primordial spectrum of density perturbations, the analysis of large cosmological structures allows to infer the present DM density; the mapping of the microwave sky by WMAP plays an especially important role here [11] . This translates into a quite tight constraint on mSUGRA parameter space [12] under the standard assumption that all DM is formed by lightest superparticles (LSPs), which were in thermal equilibrium after the last period of entropy production 4 .
It should be emphasized that this tight constraint should not be cause for alarm. After all, the determination of the DM density, if taken at face value, constitutes a genuine signal of physics beyond the Standard Model (SM). Conceptually it should thus be considered on a par with, say, the measurement of a selectron mass. The fact that mSUGRA can accommodate this measurement is a further success of this model. Nevertheless it seems timely to re-assess the mSUGRA model, taking recent theoretical and experimental developments into account. Besides the WMAP (and related) cosmological data, these include:
• More accurate calculations of leading two-loop corrections to the masses of neutral Higgs bosons [13] , which makes it somewhat easier to satisfy the stringent Higgs search limits from LEP for a fixed value of the top quark mass;
• The new, somewhat lower central value of the mass of the top quark [14] , which in turn goes in the direction of decreasing the predicted mass of the lightest neutral Higgs boson;
3 Bucking this trend, there have also been a few recent studies where additional relations between the parameters in (1) are imposed [10] . 4 In standard cosmology this means the end of the inflationary epoch.
• Improved limits on radiative b decays and, in particular, first information on b → sℓ + ℓ − decays, which excludes scenarios where the sign of the amplitude of b → sγ decays is opposite to the SM prediction [15] ;
• A growing (though not global) consensus [16] that the SM prediction for hadronic contributions to the anomalous dipole moment of the muon based on data from e + e − colliders is more reliable, which again elevates the discrepancy between the measurement [17] of g µ − 2 and its SM prediction [18] to the level of ∼ 2.5 standard deviations.
Several analyses of this kind have appeared in the last few years [12] , whose results broadly agree with our's if we take the old value of the top mass, m t = 178 GeV. The effect of the new, reduced (central) value of m t has so far only been analyzed in refs. [19, 20] ; these papers have little overlap with our's. Usually the results of mSUGRA parameter scans are presented as allowed regions in the (m 0 , m 1/2 ) plane. We also present similar allowed regions in the planes spanned by physical sparticle or Higgs boson masses; this should give a more direct overview of the kind of spectra that can be generated in mSUGRA. To the best of our knowledge, similar results have previously only been published in the (by now quite dated) review article [21] .
Moreover, we put special emphasis on a careful treatment of theoretical and experimental uncertainties. This allows us to derive conservative lower bounds on the masses of superparticles and Higgs bosons in mSUGRA, for different sets of assumptions. We find that in many cases the direct experimental search limits can be saturated even if all relevant constraints are taken at face value. The main exceptions are the masses of the gluino and of first and second generation squarks, which are forced by the assumption of gaugino mass unification to lie at least 100 to 150 GeV above the current Tevatron limits. Imposing the DM constraint does not affect these lower bounds very much.
The remainder of this article is organized as follows. In the next chapter we briefly describe calculational details and the constraints we impose. Sec. 3 updates ref. [22] by showing the allowed regions in the (m 0 , m 1/2 ) plane, as well as in the planes spanned by pairs of physical masses, for a few values of tan β. Sec. 4 is devoted to a discussion of minimal masses of sparticles and Higgs bosons that are compatible with various sets of constraints. Finally, in Sec. 5 we summarize our main results and draw some conclusions.
Scanning Procedures
We use the FORTRAN program SuSpect [23] to calculate the spectrum of superparticles and Higgs bosons. Since these masses are defined at the weak scale while the dimensionful input parameters in (1) are defined at the scale of Grand Unification, the program has to integrate the set of coupled renormalization group equations connecting these two scales; SuSpect now uses two-loop equations [24] for all relevant quantities (gauge and Yukawa couplings, µ, and the soft breaking parameters). The program also computes the one-loop and dominant two-loop corrections to the Higgs potential, as well as the dominant one-loop corrections turning the running (DR) quark, lepton and sparticle masses into on-shell (pole) masses. The calculation of the neutral Higgs boson masses includes leading two-loop corrections [13] .
See ref. [23] for further details on the calculation of the spectrum.
Not all combinations of input parameters lead to radiative SU(2) L × U(1) Y → U(1) QED symmetry breaking. This imposes a first constraint on the parameter space. We also exclude parameter sets where the scalar potential has deep minima breaking charge and/or color at the weak scale [25] . As usual in the literature [12] , we do not veto scenarios where the absolute minimum of the scalar potential occurs for field values intermediate between the weak and GUT scales [26] , since the tunneling rate into these minima is exceedingly slow. In the language of ref. [26] , we impose the "CCB" constraints, which exclude very large values of |A 0 |/ m 2 0 + m 2 1/2 , but do not impose the "UFB" constraints. We next impose experimental constraints. To begin with, the strong upper limits on the abundance of stable charged particles [27] excludes scenarios where the lightest superparticle is charged. This excludes cases with m 0 ≪ m 1/2 whereτ 1 tends to be the LSP (especially at large tan β), and some combinations with m 0 > ∼ m 1/2 and sizable |A 0 |, wheret 1 is the LSP 5 .
We also impose the lower bounds on sparticle and Higgs masses that result from collider searches. We interpret the LEP limits from searches for (unstable) charged superparticles as requiring
separately for each relevant mode (X =t 1 ,τ 1 ,χ + 1 ). This effectively imposes lower bounds of 104.5 GeV on the mass of the lighter charginoχ + 1 , 101.5 GeV for the lighter scalar top eigenstatet 1 , and 98.8 GeV for the lighter scalar τ eigenstateτ 1 . For non-pathological situations these agree closely with the limits published by the LEP experiments [27, 30] . 6 The limits from the searches for Higgs bosons at LEP also impose important constraints on the parameter space. Of special importance is the limit on e + e − → ZH with H → bb.
5 These constraints can be evaded if the LSP resides in the hidden sector (e.g., if it is the gravitino [28] ), or in extensions of mSUGRA where the LSP is an axino [29] . 6 The only "pathological" situation that can be relevant in mSUGRA is the case of smallτ 1 −χ 0 1 mass splitting. However, at small tan β selectron searches at LEP will lead to constraints on the parameter space that are nearly as strong as those fromτ 1 searches. At high tan β, scenarios with small slepton and neutralino masses are excluded by the g µ constraint.
In the SM it leads to the bound [31] m SM H > 114 GeV. For small and intermediate values of tan β this bound applies directly to the light scalar Higgs boson in mSUGRA, but for tan β > ∼ 50 its coupling to the Z boson can be suppressed significantly. We parameterize this dependence as in ref. [22] , except that the constant (coupling-independent) term is increased by 0.5 GeV in order to reflect the increase of the limit that resulted from combining the limits from the four LEP experiments.
We also include constraints from quantum corrections due to superparticles. These include the upper bound
on the supersymmetric contribution to the electroweak ρ−parameter [32] , including 2-loop QCD corrections [33] . However, it turns out that this constraint is always superseded by either the LEP Higgs search limit or by the CCB constraint. A more significant constraint arises from the precise measurements of the anomalous magnetic moments of positively and negatively charged muons [17] . As well known by now, the interpretation of this measurement hinges on whether data from semileptonic τ decays are used for the evaluation of the SM prediction or if one only relies on data from e + e − annihilation into hadronic final states. In the former case the measurement agrees quite well with the SM, whereas in the latter case the prediction falls ∼ 2.5σ short of the measurement [18] . In order to reflect this uncertainty, we impose either the more conservative constraint
which describes the overlap of the 2σ limits derived from the two competing SM predictions, or the more aggressive constraint
which is the 90% c.l. range derived using the e + e − data only. Here a µ, SUSY is the sparticle loop contribution to a µ ≡ (g µ − 2)/2. The SM prediction based on e + e − data is nowadays considered to be more reliable [16] . Note that (4) allows the supersymmetric contribution to vanish, or even be slightly negative, whereas (5) requires it to be positive. Our calculation of a µ, SUSY is based on ref. [34] , modified to include leading logarithmic QED 2-loop corrections [35] which increase a µ, SUSY by ∼ 5%. The constraints discussed so far are all quite robust against minor changes of the model.
In particular, deviating from exact universality of scalar masses or, equivalently, allowing small flavor non-diagonal entries of the sfermion mass matrices, will not change any of these bounds significantly. This is quite different for the bounds from inclusive b → sγ decays, which are also widely included in analyses of the parameter space of mSUGRA and similar models [8, 9, 10, 12] . Including theoretical uncertainties of the SM prediction [36] as well as the experimental measurement [27] (now statistically dominated by BELLE data), we require the calculated branching ratio to fall in the range
Our calculation of this branching ratio is based on ref. [37] , which -for heavy sparticlesincludes the dominant QCD corrections to theχ ±t loop corrections, which (together with tH ± loops) dominate the supersymmetric contributions in all supersymmetric models where flavor violation is assumed to be described entirely by the Kobayashi-Maskawa (KM) matrix. For large tan β and not too heavy sparticles these contributions can be quite large; for µ > 0 they can even flip the sign of the amplitude relative to the SM prediction, leading to a second allowed region [22] when the modulus of this amplitude approaches its SM value. However, it has recently been argued [15] that new data on b → sℓ + ℓ − data strongly disfavor this possibility, since such a flip of sign would change the interference between penguin diagrams (similar to those contributing to b → sγ) and (new) box diagrams. We therefore impose the additional constraint that the amplitude for b → sγ decays should have the sign predicted in the SM.
The range (6) should perhaps be extended somewhat, since the MSSM prediction has larger theoretical uncertainties than that in the SM. To begin with, ref. [37] includes NLO QCD corrections to the supersymmetric contribution only in the limit of heavy sparticles, as remarked above. Note also that the determination of the KM element V ts , to which all contributions to the amplitude describing b → sγ decays are proportional, can be affected by supersymmetric contributions to processes in the K sector, which in the SM lead to tight constraints on this quantity. More importantly, the constraint imposed by (6) on the parameters listed in (1) will evaporate entirely if a modest amount ofb −s mixing is allowed at the GUT scale [38] . This would lead to one-loop gluino-mediated box diagram contributions to b → sγ decays [39] . Since for strict scalar universality all contributions are suppressed by a factor |V ts | ≃ 0.04, even a small amount ofb −s mixing would lead to new contributions of comparable size. The sign of this new contribution is given by the sign of the corresponding mixing angle, which is a free parameter in this slightly extended model.
At the price of modest fine-tuning one could thus make any set of mSUGRA parameters "b → sγ compatible". Since the required squark flavor mixing would still be quite small, it would have negligible effects on (flavor conserving) signals at colliders, radiative corrections to the MSSM Higgs sector, etc. The constraint (6) thus has a different status from the constraints discussed earlier. In Sec. 4 we will therefore present limits on sparticle and Higgs boson masses with or without this additional constraint.
The last, and very restrictive, constraint that is usually imposed in analyses of constrained supersymmetric models is based on the determination of the density of non-baryonic Dark Matter (DM) from detailed analyses of the anisotropies of the cosmic microwave background (CMB), in particular by the WMAP experiment [11] . At 99% c.l., they find
Here Ω measures the mass (or energy) density in units of the critical density, whereas h is the scaled Hubble constant. The emergence of the cosmological "concordance model" is undoubtedly a great triumph of modern cosmology. One should nevertheless be aware that the result (7) is based on several assumptions, which are reasonable but not easy to crosscheck independently [40] . In particular, one has to assume that simple inflationary models
give essentially the right spectrum of primordial density perturbations. Without this, or a similarly restrictive, ansatz for this spectrum, the result (7) would evaporate. In the absence of a generally accepted estimate of the theoretical uncertainty from the assumed ansatz of the primordial density perturbations, we decided to take the 99% c.l. region of the DM relic density, as opposed to the 90% or 95% c.l. regions used for quantities measured in the laboratory. In order to translate the constraint (7) into a constraint on mSUGRA parameters, one has to make several additional assumptions. The lightest neutralinoχ 0 1 must be essentially stable, which, in the context of mSUGRA with conserved R−parity, requires it to be heavier than the gravitino [28] . In addition, one must assume that standard cosmology (with known Hubble expansion rate, and no epoch of entropy production) can be extrapolated backwards to temperatures of at least ∼ 5% of mχ0
1
. In that caseχ 0 1 was in full thermal equilibrium with the SM plasma, making today'sχ 0 1 density independent of the "re-heat" temperature of the Universe T R at the end of inflation. With these assumptions, our calculation of the relic density proceeds as in ref. [22] . Without these assumptions, no meaningful constraint on the parameters (1) results. In Sec. 4 we therefore again present results with or without the constraint (7). In the blue regions the SUSY contribution to the anomalous magnetic moment of the muon falls in the range (5) (6) . In the blue region, the SUSY contribution to g µ −2 falls in the range (5) , whereas the red regions are compatible with having an SM-like Higgs boson near 115 GeV. Finally, the black regions satisfy the DM constraint (7) .
constraint excludes an additional domain close to the region where electroweak symmetry breaking does not take place; in this area, the charged Higgs boson is relatively light and the tH ± contribution (which is not compensated by thetχ ± ones, as the top squarks are rather heavy) leads to a value of B(b → sγ) that is slightly higher than the upper bound B max = 4.45 · 10 as tan β is increased. This region depends only slightly on m t ; somewhat larger values of m 0 become compatible with this constraint if m t is reduced. This is due to the reduction of µ caused by reducing m t . The dependence of this region on A 0 is again rather mild; however, for A 0 = −2 TeV the entire blue region is excluded by the b → sγ constraint. Finally, for tan β = 5 ( Fig. 2) , the (black) regions satisfying the DM constraint (7) lie right at the border of the theoretically allowed parameter space: the stau co-annihilation region, where mτ 1 ≃ mχ0 1 , lies next to the region excluded by a charged LSP, whereas for small tan β the "focus point region", where µ < ∼ M 1 at the weak scale, is right next to the region where the electroweak symmetry can no longer be broken. The same holds true for tan β = 10 and m t = 178 GeV (Fig. 4) , for tan β = 30 and A 0 = −2 TeV (Fig. 6) , and for tan β = 30, A 0 = −1 TeV and m t = 178 GeV (Fig. 5) ; in this last case the small black region at m 0 ≫ m 1/2 is allowed due to almost resonant h exchange [43] .
However, for larger tan β and/or smaller m t there are sizable regions of parameter space where the DM relic density comes out too low. This happens in particular for m 
On the other hand, a reduced top mass of 172.7 GeV also implies that the "bulk" regions, where the DM constraint (7) is satisfied due to the exchange of light sleptons in the t− and u−channel, now lies deep in the region excluded by Higgs searches at LEP. Fig. 4 is a reminder that a bulk region compatible with all constraints (with the possible exception of the theoretically somewhat shaky b → sγ constraint) still exists for m t = 178 GeV and (sufficiently) large tan β. Recall that increasing tan β increasesτ L −τ R mixing, which in turn increases the S−wave LSP annihilation cross section throughτ exchange [44] . Note finally that the additional possible region where the DM constraint could be satisfied, i.e. with co-annihilation of the LSP neutralino with top squarks [45] , is disfavored in the mSUGRA scenario that we are discussing here.
It is interesting to note that several indications for "new physics" can be explained simultaneously within mSUGRA. The reduction of the central value of m t has made it a bit more difficult to satisfy the (aggressive) g µ − 2 requirement (5), which prefers moderate values of sparticle masses unless tan β is quite large, in potential conflict with the LEP Higgs search limits. However, if we allow a 3 GeV theoretical uncertainty in the calculation of m h , solutions satisfying (5) can be found for all tan β ≥ 8 for m t = 172.7 GeV and A 0 = 0; if finite values of A 0 are considered, the lower limit on tan β is reduced even further. On the other hand, if we take the prediction of m h at face value, again taking m t = 172.7 GeV we need tan β ≥ 12 (7) for vanishing (arbitrary) A 0 ; for m t = 166.9 GeV, as in Fig. 3 , these lower bounds increase to 20 and 10, respectively. In all these cases we can satisfy the DM constraint (7) in theτ 1 co-annihilation region, and have a CP-even Higgs boson near 115
GeV, as hinted at by LEP data, while satisfying the g µ − 2 constraint (5) at the same time. Fig. 2 shows that these three constraints can also be satisfied simultaneously in the A−pole region, if tan β is very large. However, we did not find any points in the "focus point" region where the aggressive g µ −2 constraint can be satisfied, if we take the prediction for m h at face value. In this case increasing m t , and/or introducing non-vanishing A
Parameter space with physical masses
We now present some results for physical masses. In order to keep the number of figures manageable, we only show results for the central value of m t = 172.7 GeV, A 0 = 0, and two values of tan β. Fig. 1 
, except that the light grey region now also includes combinations of masses that are never realized in mSUGRA.
We begin with the (mχ0 1 , mẽ R ) plane depicted in Fig. 7 ; these masses largely determine the phenomenology ofẽ R pair production at e + e − colliders. does not grow with increasing tan β, in contrast to the analogous region in the (m 0 , m 1/2 ) plane. The reason is that the boundary 8 of this region is set by the search limit for (higgsino-like) charginos at LEP, which essentially fixes the mass ofχ 0 1 , which is also higgsino-like here. The (mg, mũ L ) plane is shown in Fig. 8 ; since the other first and second generation squarks have masses quite close to mũ L this plane essentially determines the cross section for the production of strongly interacting sparticles at hadron colliders [46] (with the possible exception of a lightt 1 ; see below). In this case both masses depend significantly on the gaugino mass parameter, with m
1/2 and mg ∼ 2.5m 1/2 . As a result, the accessible part of parameter space gets squeezed, whereas the entire region mũ L < ∼ 0.8mg is not accessible [47] , greatly increasing the size of the grey regions compared to the analogous results of Figs. 1-2. Moreover, since mg is independent of µ, the region at m
g that is excluded because µ 2 comes out too small does grow with increasing tan β. Note that our basic parameter scan only included values of m 0 up to 3 TeV. As a result, the area with mũ L > 3 TeV and much smaller mg did not get probed, although some of it is theoretically accessible. We next turn to the (mt 1 , mτ 1 ) parameter space depicted in Fig. 9 . In this case both masses depend significantly on m 0 , but only mt 1 has a strong dependence on m 1/2 . The "focus point" region with higgsino-like or mixed LSP is therefore still at the top-left of the accessible region. However, the inaccessible region at the left side of the figure is considerably larger than in Figs. 1-2, since for our choice A 0 = 0, one cannot have mτ 1 too much above mt 1 . Note also that we chose different y−scales in the two frames of Fig. 9 . Increasing tan β increases the τ Yukawa coupling, which reduces the soft breaking masses in theτ sector through RG effects, and increasesτ L −τ R mixing; both effects tend to reduce mτ 1 . For tan β = 10, mτ 1 is quite close to mẽ R , but for tan β = 50 it is significantly smaller. On the other hand, mt 1 is relatively insensitive to tan β.
The Higgs sector [48] reflects the radiative symmetry breaking in mSUGRA. For small and moderate values of tan β the heavier Higgs bosons, whose masses are essentially determined by that of the CP-odd Higgs boson A, are among the heaviest of all new particles [49] . On the other hand, for large tan β, RG effects due to the bottom Yukawa coupling greatly reduce m A . We saw in the previous section that this leads to scenarios where m A ≃ 2mχ0
1
, and hence 8 Most of this region is excluded since electroweak symmetry breaking would require µ 2 < 0; however, there is also a small area where µ 2 is positive, but below the LEP limit. , m h ) plane is shown in Fig. 11 . In the left frame we see that the upper black (DM-allowed) region is also almost horizontal, indicating that in this "focus point" region m h depends very weakly on m 1/2 . In fact, since we have m for tan β = 50, gives the upper black band in the right frame of Fig. 11 . Note also that for fixed mχ0 1 , in the DM-allowed region m h for tan β = 50 exceeds that for tan β = 10 only by about 1 GeV. However, in the latter case mχ0 1 up to ∼ 700 GeV can be compatible with the DM constraint, whereas for tan β = 10 this requires mχ0 1 < ∼ 500 GeV; the upper bound on m h in the DM-allowed region therefore grows by about three GeV when tan β is increased from 10 to 50. These results are compatible with those of ref. [20] .
Finally, the (m h , m A ) plane is shown in Fig. 12 . The most obvious feature here is the strong correlation of these two Higgs boson masses. In the left frame (tan β = 10) the lower black (DM-allowed) strip is theτ 1 co-annihilation region, whereas the upper black strip is the "focus point" region. In the latter part of parameter space |µ| is relatively small, and effects of the bottom Yukawa coupling are still almost negligible, so that m A ≃ m 0 . Moreover, both m A and m h are quite insensitive to m 1/2 , so long as m . This leads to a strong compression of the accessible region, which in this part of parameter space almost coincides with the DM-allowed region. However, the upper black strip in the right frame is surrounded by "inaccessible" light grey regions only because we limited our scan to m 0 ≤ 3 TeV; otherwise it would be connected by the (experimentally and theoretically allowed, but DM-disfavored) white region.
In the right frame of Fig. 12 , i.e. for tan β = 50, the lower black region is the "focus point" region, whereas the upper black strip is theτ 1 co-annihilation region merged with 
Sparticle and Higgs boson mass bounds
The figures shown in Sec. 3.1 show that the allowed region in the (m 0 , m 1/2 ) plane depends very strongly on the value of tan β. There is also a significant dependence on A 0 . Finally, even though the top mass is now the (relatively) most accurately known of all quark masses, we saw that varying m t within its current limits still moves the boundaries of allowed regions by hundreds or, in case of the "focus point" region, even thousands of GeV. Similar shifts of the allowed region occur when plotted in terms of pairs of physical masses, as shown in Sec. 3.2.
One simple way to show the total allowed ranges of physical masses is to scan over the entire parameter space that is consistent with a given set of constraints; this is the topic of this Section. We saw in Sec. 2 that not all constraints should be treated on an equal footing.
Briefly, lower bounds on masses (or cross sections or branching ratios) from accelerator-based experiments are most robust, since both beam and detector are (hopefully) well controlled by the experimenter. Bounds on masses, and on cross sections of processes that can occur at tree level, usually also do not have many theoretical ambiguities. In contrast, we saw that one can evade the b → sγ constraint by a relatively minor modification of the model [38] . In the case of the g µ − 2, there is the additional ambiguity due to the ∼ 2σ discrepancy between SM 'predictions' based on different data sets, see eqs. (4) and (5). Finally, the DM constraint (7) required several (reasonable) assumptions for its derivation, and needs additional assumptions to be translated into allowed regions in the mSUGRA parameter space.
It was originally hoped that the upper bound on the DM relic density (the so-called 'overclosure' constraint) would allow to establish reliable, useful upper bounds on sparticle masses. Under the standard assumptions listed in Sec. 2, the predicted LSP relic density is proportional to the inverse of the (effective) LSP annihilation cross section into SM particles (or MSSM Higgs bosons, if kinematically accessible). This cross section in turn (through dimensional arguments, or by unitarity) scales like the inverse square of the relevant mass scale. Indeed, unitarity does allow to establish an upper bound on the mass of any WIMP; however, this bound exceeds 100 TeV [50] , and is thus not particularly useful, since we lack the means to build colliders that could cover this kind of mass range. In the context of mSUGRA, it became clear quite early on [44] that very, even "unnaturally", large masses can be compatible with the DM constraint (7) even in standard cosmology.
On the other hand, we did see in Figs. 1-6 that this constraint excludes large chunks of otherwise allowed parameter space. One might therefore think that it would at least affect the lower bounds on sparticle masses significantly. Table 1 shows that this is not really the case. This table lists lower bounds on the masses of some new (s)particles, imposing various sets of constraints. We always impose all constraints discussed up to and including eq. (4) in Sec. 2. Sets I through III and IV through VI differ in that they are based on the conservative g µ − 2 constraint (4) and the more aggressive constraint (5), respectively. Since the latter requires a positive supersymmetric contribution to g µ , it allows us to derive upper bounds as well as lower bounds on the masses of new (s)particles. In addition to these basic constraints, sets II and V impose the b → sγ constraint (6), and sets III and VI in addition impose the DM constraint (7).
We see that the lower bounds on the masses of some key (s)particles always saturate their current bounds from collider physics, no matter what additional constraints we impose. This is true, in particular, for the lighter chargino, the lightest charged slepton (alwaysτ 1 the lighter two neutralinos are to a large extent fixed by gaugino mass unification and the chargino mass bound. In particular, the bound on mχ0 2 is practically identical to that on mχ± 1 . Note that gaugino mass unification holds for running (DR) masses. Going to the pole mass entails potentially quite substantial radiative corrections in case of the gluino [51] . The lower bound on mg therefore increases by about 15% when going from the loosest constraints (Set I) to the tightest ones (Set VI), the biggest increase being due to the b → sγ constraint, which excludes scenarios with large tan β and relatively small squark masses.
The same effect is also visible in the lower bounds on first and second generation squark masses themselves, which increase by about 20% when this constraint is imposed. Note that even for the loosest set of constraints, Set I, the lower bounds on the masses of first and second generation squarks are significantly above current search limits [27] . This is a consequence of the assumed universality of scalar masses, together with the requirement of having sufficiently large soft breaking masses in the stop sector to satisfy the Higgs search limits. These bounds are therefore saturated for the largest possible m t value.
The masses of the heavier neutralinos and charginos also depend only weakly on the set of constraints imposed. Most of these lower bounds again follow directly from the structure of the MSSM with gaugino mass unification, together with the LEP bound on mχ± 1 ; the universality of scalar masses and A−parameters, which are defining properties of mSUGRA, play little role here. The only significant exception is the increase of mχ0 3 for the most restrictive set of constraints (Set VI). This bound is saturated in the "focus point" region of large m 0 , where the supersymmetric contribution to g µ − 2 tends to be below the range (5).
The lower bounds on the masses of third generation squarks are the quantities that are most sensitive to the additional constraints imposed in Sets II through VI. In particular, requiring both the more aggressive g µ − 2 constraint (5) and the b → sγ constraint (6) more than doubles the lower bound on mt 1 , from the LEP limit of ∼ 100 GeV that can be saturated for Sets I through IV, to about 240 GeV. Combinations of parameters leading to a lightt 1 which are compatible with the b → sγ constraint have relatively small tan β, but large m 0 ; this leads to a supersymmetric contribution to g µ − 2 below the range (5).
One can also generate a lightt 1 by taking modest values of m 0 and m 1/2 , in agreement with the aggressive g µ − 2 constraint (5); however, this requires very large values of |A 0 |/m 0 , which leads to a violation of the b → sγ constraint (6) . This latter constraint by itself also increases the lower bound on mb 1 by about 50%, since a lightb 1 requires large tan β (which maximizes the bottom Yukawa coupling, as well asb L −b R mixing), which in turn leads to large (negative, for µ > 0) supersymmetric contributions to b → sγ decays.
In contrast, imposing in addition the DM constraint (7) has very little effect on the lower bounds on sparticle masses. It does, however, drastically reduce the maximal possible elastic spin-independent LSP-proton scattering cross section, which is shown in the last line of the Table. The calculation of this cross section is based on refs. [52] . In mSUGRA the potentially largest contributions come from the exchange of the heavier CP-even Higgs boson. Since increasing tan β both reduces the mass of this boson and increases its coupling to downtype quarks, the cross section grows quickly when tan β becomes larger. In addition, it is maximized by increasing the coupling of the LSP to Higgs bosons, which requires rather larger gaugino-higgsino mixing; this cross section is therefore largest in the "focus point" region [53] . However, the same coupling also leads to too effective LSP annihilation, resulting in too low a relic density. Imposing the lower bound on the relic density in (7) therefore reduces the upper bound on this cross section by about a factor of 20. We should mention here that even the reduced value of 7.5 ab, which is saturated for an LSP mass near 160 GeV, exceeds the current experimental lower limit on this quantity, if standard assumptions about the distribution of the LSPs in the halo of our galaxy are correct [54] . Due to the uncertainties in this distribution we have not included LSP search limits in our set of constraints.
While all sets of constraints allow the masses of some weakly interacting sparticles to lie right at the current experimental limit, mSUGRA implies that the heaviest weakly interacting new particle (sparticle or Higgs boson) must lie above ∼ 350 GeV at least. Note that this limit lies well above the lower bound on the mass of any one weakly interacting (s)particle. The reason is that these bounds cannot be saturated simultaneously. For example, the lower bounds on slepton masses are saturated at moderate values of tan β, big enough to avoid excessive lower bounds from Higgs searches, but not so big as to imply strong lower bounds from the g µ − 2 constraint (4). In contrast, the lower bounds on the masses of the heavy Higgs bosons are saturated at very large values of tan β. Similarly, the lower bound on the mass of the heaviest strongly interacting sparticle in a given spectrum is somewhat larger than the largest lower bound considered separately. As mentioned earlier, imposing the aggressive g µ − 2 constraint (5) allows to derive upper bounds in the masses of sparticles and Higgs bosons. The reason is that the supersymmetric contribution, which comes from gaugino-slepton loops, would vanish if either the gaugino masses or the slepton masses became very large. This leads to upper bounds on both m 0 and m 1/2 , as can be seen by studying the blue regions in Figs. 1 through 6 . This in turn imposes an upper bound on |µ| via the condition of radiative electroweak symmetry breaking.
As a result, all sparticle and Higgs masses can be bounded in mSUGRA using this single constraint! We emphasize that one needs to assume universality of both scalar and gaugino masses to derive these constraints. Numerically, the upper bounds on the masses of the first generation squarks as well as on the gluino mass imply that discovery of supersymmetry at the LHC should be straightforward [55] . Unfortunately even in this favorable scenario discovery of charginos would not be guaranteed even at a 1 TeV e + e − collider, and discovery of sleptons would be guaranteed only at a CLIC-like machine operating at √ s > ∼ 3 TeV. On the other hand, imposing this constraint reduces the upper bound on m h to 124 GeV (which becomes 127 GeV if one allows for a 3 GeV theoretical uncertainty), which might perhaps even give the Tevatron a chance to probe this scenario (with probably less than compelling statistical significance, alas) [56] . Imposing in addition the b → sγ constraint does not change these upper bounds at all; even imposing the DM constraint (7) leaves these upper bounds almost unchanged.
One lesson from Table 1 is that imposing the DM constraint (7) Table 1 . In the former case one can saturate the LEP limit on the mass of the lighter chargino for any tan β ≥ 5. However, light charginos are DM-compatible only in the "focus point" region, which in turn is (barely) compatible with the g µ − 2 constraint (5) only at large tan β. Moreover, at very large tan β the b → sγ constraint becomes quite severe. As a result, constraint Set VI allows to saturate the LEP chargino mass bound only for 40 < ∼ tan β < ∼ 50. The combined effect of the DM and b → sγ constraints on the lower bound on mt 1 is even more dramatic. Without these constraints, the LEP limit on this mass can be saturated for any tan β ≤ 50. However, as we already saw in Table 1 , the b → sγ constraint increases the lower bound on this mass bound by more than a factor of 2, if one insists on the aggressive g µ − 2 constraint (5); Fig. 13 shows that this lower bound then also increases quite rapidly with increasing tan β. As a result, if tan β was known, imposing constraint Set VI would allow to predict mt 1 to within a factor of ∼ 3. However, since the allowed band moves upward with increasing tan β, we can currently predict mt 1 only within a factor of ∼ 6, even if we impose this most restrictive set of constraints, as shown in Table 1 .
Imposing the DM constraint (7) reduces the upper bounds on sparticle masses for fixed tan β. This effect is quite mild in most cases, but becomes prominent forẽ R at small and moderate values of tan β. essentially proportional to tan β. We saw at the end of Sec. 3.1 that for small and moderate tan β the only overlap of the DM and (aggressive) g µ − 2 allowed regions occurs in theτ co-annihilation region, which has relatively large gaugino masses; as a result, one needs even smaller slepton masses to produce a sufficiently large g µ − 2. However, once tan β ≥ 40, one can satisfy this last constraint even in the "focus point" region; imposing the DM constraint then has little effect on the upper bound on mẽ R . Finally, we note that the allowed range of m H is fixed almost completely by the "base" set of constraints plus the aggressive g µ − 2 constraint (5); imposing in addition the b → sγ and DM constraints has little effect here.
Summary and Conclusions
In this paper we provide an updated scan of the mSUGRA parameter space. This includes the new central value of the mass of the top quark, the inclusion of additional higher order corrections to the mass of the lightest CP-even Higgs boson h, and new information on the sign of the matrix element for b → sγ decays from the analysis of b → sℓ + ℓ − decays.
We find that the reduction of the central value of m t from 178 GeV to about 173 GeV shifts the allowed parameter space significantly. This is the consequence of two effects:
• The corrections to m 2 h scale like the fourth power of m t , but only scale logarithmically with the sparticle (mostly stop) mass scale. As a result, a few percent reduction of m t has to be compensated by an increase of mt of up to several tens of percent. This relative shift increases with mt, and is therefore most prominent for smaller tan β, where the LEP Higgs search constraint is most severe.
• The location of the "focus point" region at m 
where the dimensionless coefficients a, b, c, d depend on the dimensionless MSSM couplings as well as (logarithmically) on Q W . The crucial observation is that |a| ≪ 1 for m t ∼ 175 GeV and not too small tan β (recall that the top Yukawa coupling at the weak scales is ∝ 1/ sin β). In contrast, |b| is quite sizable, with b < 0. A small m therefore only possible if m 2 0 ≫ m 2 1/2 and a ≥ 0. Since a depends (roughly) quadratically on m t / sin β, but only logarithmically on the sparticle mass scale (through Q W ), a small change of m t therefore leads to a large shift of the value of Q W , or, equivalently, of m 0 where the "focus point" region starts.
The first effect makes it more difficult to reconcile, at low values of tan β, the Higgs mass constraint from LEP with the evidence for a positive contribution to the anomalous magnetic moment of the muon. However, for larger tan β the Higgs mass bound allows smaller sparticle masses, while the contribution to g µ − 2 remains significant for larger sparticle masses. As a result, even for m t = 173 GeV both constraints can be satisfied simultaneously for tan β > ∼ 10. By far the most stringent constraint on the parameter space comes from the requirement that the lightest neutralino should have the correct relic density. As discussed in Sec. 2, this constraint can only be translated into bounds on the mSUGRA parameter space if several assumptions are made. Under the usual assumption of thermal LSP production and standard cosmology, only a few discrete "DM allowed" regions survive. Out of these, the "bulk" region of moderate m 0 and moderate m 1/2 is affected most by the reduced mass of the top quark; in fact, it disappears altogether if m t is indeed near its current central value of ∼ 173 GeV. Thẽ τ 1 co-annihilation region is also reduced in size, since the region excluded by Higgs searches now extends to larger values of m 1/2 . On the other hand, as noted above, the region where the LSP has significant higgsino component becomes larger when m t is reduced. Similarly, the lowest value of tan β where 2mχ0 In addition to these scans of parameter space, we also provided upper and lower bounds on the masses of Higgs bosons and sparticles. Here it is crucial to properly include the uncertainty of the input parameters, in particular, of m t . This sensitivity comes mostly through the dimensionless coefficients in eq. (8), as well as the analogous expression for m 2 H d . These coefficients determine |µ| through the condition of electroweak symmetry breaking, which affects the spectra of neutralinos, charginos and Higgs bosons. The latter is also directly dependent on these coefficients; through the Higgs search limits, they then affect (the lower bounds on) all sparticle masses. It should be noted that these coefficients also depend on other input parameters, in particular on α S and m b . However, this dependence is much milder than that on m t . We therefore believe that varying m t over its entire currently allowed 2σ range, while keeping α S and m b fixed to their default values, gives a reasonable estimate of the effect of the current input parameter uncertainties.
The somewhat surprising result of these scans is that the masses of many superparticles and Higgs bosons can still lie right at their current limits from collider searches even if the most restrictive set of constraints is applied, including the Dark Matter constraint and the more aggressive interpretation of the g µ − 2 constraint. This means that ongoing and near-future experiments still have good chances to discover new particles even in this very constrained version of the MSSM. Not all these lower bounds can be saturated simultaneously, however. As a result, the most robust constraints (essentially the collider limits plus a conservative version of the g µ − 2 constraint, with no DM requirement) by themselves already imply that a 500 GeV linear collider will not be able to discover all new weakly interacting (s)particles; one will need an energy of at least ∼ 700 GeV to achieve this. We also saw that these lower bounds are in most cases surprisingly insensitive to the introduction of new constraints; in particular, requiring the lightest neutralino to be a good thermal DM candidate does not shift them much.
Useful upper bounds on the masses of sparticles and Higgs bosons (with the exception of the lightest CP-even Higgs boson, see ref. [13] ) can only be derived if we assume that a positive supersymmetric contribution to g µ − 2 is indeed required, as is indicated (at the ∼ 2.5σ level) when data from e + e − → hadrons are used to calculate the SM prediction for this quantity. This imposes upper bounds on the masses of both sleptons and gauginos;
in the mSUGRA context this implies upper bounds on both m 0 and m 1/2 , which leads to upper bounds on all new (s)particles. Quantitatively, we find that this requirement by itself implies that strongly interacting sparticles must be within the reach of the LHC. Moreover, a ∼ 1 TeV e + e − collider would then be able to at least discover superparticles, in theχ 0 1χ 0 2 channel. However, even in this case one may need a CLIC-like collider, with center of mass energy nearly reaching 3 TeV, to discover all new weakly interacting (s)particles. We stress again that these (upper) bounds have been obtained by scanning over the entire parameter space, including scanning over the 2σ range of m t . Imposing in addition the Dark Matter constraint narrows down the allowed ranges of some masses if tan β is held fixed, but has little effect on the absolute upper bounds after scanning over the entire allowed parameter space.
We conclude that mSUGRA remains viable. In fact, even after imposing all plausible experimental and theoretical constraints the allowed parameter space still contains a large variety of different spectra, with quite different phenomenology. Even if supersymmetry provides the missing Dark Matter in the Universe and explains the possible excess of the anomalous dipole moment of the muon, superparticles might be out of reach of both the Tevatron and the first stage of a linear e + e − collider; on the other hand, it is also entirely possible that their discovery is "just around the corner".
